The dielectric properties of (Ba 0:43 Sr 0:57 )TiO 3 (BST) thin films were investigated in the microwave-frequency range. The dielectric losses (tan ) and dielectric constants (") were successfully measured up to $6 GHz using a circular-patch capacitor geometry. The deposition temperatures were varied from room temperature to 750 C to investigate the effects of crystallinity on the dielectric properties. As the film crystallinity was enhanced, the dielectric losses increased from 0:0024 AE 0:0018 at room-temperature to 0:0102 AE 0:0017 at 750 C deposition. The dielectric constants varied from 10:29 AE 0:02 to 243 AE 1 in the same deposition-temperature range. Raman spectroscopy showed that the increase in dielectric losses of the BST thin films was correlated with the growth of microscopic polar regions induced by symmetry-breaking defects. Because the sizes of these regions are proportional to the dielectric constants of host lattices (crystallinity), dielectric losses increase with the deposition temperatures.
Introduction
Recently, (Ba,Sr)TiO 3 (BST) thin films have attracted much attention due to their remarkable properties, such as high dielectric constants, relatively low losses, and high tunabilities for small voltage. [1] [2] [3] [4] These properties depend on the microstructures of thin films (for examples, grain size, composition, uniform strain, crystallinity, etc.), and the frequency ranges where they are measured. Therefore, it is important that the correlations between dielectric properties and microstructures are studied in the microwave-frequency range for microwave device applications.
Although the operating frequencies of microwave devices range to tens of GHz, many studies have been conducted around the MHz-frequency range, due to the difficulties in measurements. To measure the dielectric properties in GHz frequency, specific fixtures, such as interdigitated capacitor, load-open-short circuit pattern, transmission line, or microstrip ring resonator, should be introduced. [5] [6] [7] [8] We adopted the fixture of a circular-patch capacitor, 9) which is a rather convenient method with a simple shape and one-step lithography.
Amorphous BST shows lower dielectric loss than crystalline phase, contrary to the paraelectric materials, such as ZrTiO 4 , which have higher dielectric losses in the poor crystalline phase. 10, 11) To investigate such phenomena of BST thin films, dielectric losses (tan ) and constants (") are identified systematically for various crystallinities (microstructures) in the GHz-frequency range.
Experimental Details
The BST thin films were deposited on Pt (100 nm)/TiO 2 (10 nm)/SiO 2 (150 nm)/Si (100) substrates by RF magnetron sputtering with a 2-inch (Ba 0:5 Sr 0:5 )TiO 3 target sintered at 1350 C. The distance from the substrate to the target was fixed at 8 cm. The ratio of Ar (99.999%) to O 2 (99.995%) flow rate was maintained at 5 to 1 with an operating pressure of 10 mTorr, and the incident RF power was 100 W. To vary the level of crystallinity, the deposition temperature was changed from room temperature to 750 C. The thickness of thin films was fixed typically at around 250 nm.
The degree of crystallinity was analyzed by X-ray diffraction (XRD: M18XHF-SRA, MAC Science) using Cu K radiation ( ¼ 0:15418 nm) with a power of 40 kV Â 200 mA, and a sampling width of 0.02 with a scan speed of 5 /min in the 2 range of 20 -50 . The Ba/Sr ratio was confirmed by electron probe micro-analysis (EPMA: JXA-8900R, JEOL) on several different points for each sample, while BaTiO 3 and SrTiO 3 crystals were used as standard samples for quantitative analysis. To acquire the structural information of the thin films deposited at various temperatures, unpolarized Raman spectroscopy (T64000, Jobin Yvon) was used at room temperature in the range from 170 to 1200 cm À1 . The dielectric losses and constants were measured using a vector network analyzer (VNA: HP 8510C, Agilent Technologies) in the range of 0.5-10 GHz. A circular-patch capacitor structure was patterned on the dielectric thin films with a top electrode of Au/Ag double layer to measure the dielectric properties in the GHz-frequency range.
9) The Au electrode (200 nm) was intended to make a reproducible contact with a coplanar waveguide (CPW) probe tip, and the Ag layer (300 nm) was inserted between Au and the BST layer for better adhesion and conductivity. The scattering parameter, S 11 , of the device under test (DUT) was acquired by a one-port measurement technique of the VNA, and was converted into impedance. The dielectric losses and constants were obtained from the DUT impedances, the dielectric thicknesses, and the electrode areas.
Results and Discussion
The Ba/Sr ratio of the thin films measured by EPMA was 0.43/0.57, which was similar to the value of the BST sputtering target. The Ba deficiency could originate from a different angular scattering distribution of each element in the gas phase.
2) The Ba/Sr composition ratio as a function of the deposition temperature was constant, while the absolute ratio of Ti and O could not be determined precisely, due to the TiO 2 and SiO 2 layer.
The XRD patterns of the thin films deposited at various temperatures are plotted in Fig. 1 . The films deposited at room temperature were amorphous, showing no diffraction peaks except for those from Pt and Si. A crystalline phase began to appear in the thin films deposited at 500 C, where the averaged full width at half maximum Ák [in the scattering vector k ¼ ð4=Þ sin ] was 0:86 AE 0:11 nm À1 at (110). (A Au peak was observed due to the residue of the top electrode.) The thin films deposited at 600 C showed enhanced crystallinity with the averaged Ák ¼ 0:43 AE 0:11 nm À1 , and both the (100) and (200) peaks became notable at 700 C, with the averaged Ák ¼ 0:42 AE 0:03 nm
À1
[from (100), (110) and (200)]. It has been reported that (110) oriented grains undergo a change into (100) grains in BST thin films on (111) oriented Pt at high-deposition temperatures. 12) All peaks of thin films deposited at 750 C showed the best crystallinity, with the averaged Ák ¼ 0:26 AE 0:01 nm À1 . Sharpening of Ák indicates the overall trends of crystallinity enhancement, as confirmed in previous reports. 4, 5, 12) The lattice parameter of the cubic unit cell in the thin films estimated from the diffraction peak positions became closer to the bulk value (0.394 nm), from 0:401 AE 0:017 nm at 500 C, 0:399 AE 0:010 nm at 600 C, 0:395 AE 0:009 nm at 700 C to 0:0395 AE 0:003 nm at 750 C deposition temperatures.
A circular-patch capacitor structure for high-frequency measurement was patterned by photo lithography. It consisted of a disk-shape inner capacitor and an outer capacitor surrounding it. The 3-dimensional schematic diagram of the structure is drawn in Fig. 2(a) . An equivalent-circuit model was introduced to remove parasitic effects from resistance in the bottom/top electrode and contact with a Be-Cu CPW probe tip, as shown in Fig. 2(b) . The series resistance (R s ) is the parasitic component from the top/bottom electrodes and contact resistance, and the parallel resistance (R)/capacitance (C) are the intrinsic terms of the dielectric thin films. Series-inductance component hardly affected the measurement of dielectric properties in the corresponding frequency range. The parasitic component (R s ) was obtained by a leastsquare fitting (inset of Fig. 3) , as described well in ref. 5 . The fitting range was chosen between 1 and 6 GHz, because of the large noise and frequency dependence of the dielectric losses below 1 GHz and above 6 GHz, resulting from instrumental sensitivity and other uncompensated parasitic effects. Figure 3 shows the dielectric losses for the BST thin films as a function of the frequency with various deposition temperatures. By averaging between 1 and 6 GHz, the increase in the dielectric losses with the deposition temperatures can be clearly seen. The dielectric loss was 0:0024 AE 0:0018 at room-temperature deposition, and gradually increased to 0:0102 AE 0:0017 at 750 C deposition, as shown in Fig. 4 .
Despite the paraelectric properties in the bulk state, has reported theoretically that non-centrosymmetric crystals have much higher intrinsic dielectric losses than centrosymmetric crystals for the quasi-Debye mechanisms. Hence, it may be reasoned that the high dielectric losses of crystalline thin films are correlated with the partial ferroelectric phases, which have non-centrosymmetric structures. To detect the partial ferroelectric phases of the thin films, P-V hysteresis curves were studied under a virtual ground mode at 1 kHz with a Radiant RT66A. Polarizations at zero volts in Fig. 5 , which indicate all kinds of polarizations such as non-linear leakage currents and spontaneous polarizations, became larger with the increased crystallinity. However, the pulse polarizations, reflecting the intrinsic remanent polarizations, did not show any notable values, and it is hard to confirm clearly the effect of ferroelectric phase from the P-V tests.
As an alternative method, unpolarized Raman spectroscopy was used. Raman spectra of the thin films deposited at various temperatures and the bulk ceramics are shown in Fig. 6 . Three peaks can be seen: a diffuse mode at $270 cm À1 (TO 3 mode), a broad band centered at $520 cm À1 (TO 4 mode), and a relatively small peak at $760 cm À1 (LO 4 mode). [16] [17] [18] [19] Since local disorder in the Ti position destroys the cubic symmetry, the former two peaks, TO 3 and TO 4 , can be observed in the macroscopic cubic structures. 16, 17) And, TO 4 and LO 4 modes are polar modes, active to the remanent polarization. 18, 19) For that reason, the existence of the remanent polarization can be certified only from the LO 4 mode at $760 cm À1 . Dashed lines are extrapolated backgrounds with a polynomial-curve fitting. For quantitative analysis, Raman spectra were fitted with two Lorentzian functions. Figure 7 shows the fitting process of two peaks at $520 cm À1 (TO 4 ) and $760 cm À1 (LO 4 ). Figure 8 shows the increase of integrated intensities of TO 4 and LO 4 modes as the increase of deposition temperatures. First, the increase of two peaks means that the overall crystallinity, or the degree of basic structural perfection to induce corresponding phonon modes is enhanced. In addition, the growth of LO 4 mode intensity is interpreted as the increase of the quantity of remanent polarizations in the BST thin films. [18] [19] [20] In comparison with the result of P-V tests at pulse-polarization mode (originally intended to detect the collective long-range remanent polarizations), it is suggested that remanent polarizations in BST thin films result from the local short-range effects with orientational disorder. The most convincing candidate of the local short-range effect is symmetry-breaking defects inducing local remanent polarizations. [18] [19] [20] [21] Symmetry-breaking defects, such as oxygen vacancies and interstitials, polarize the adjacent defect-free unit cells, and cause the microscopic polar regions whose sizes are related to the dielectric constants of host lattices (proportional to ffiffi ffi " p ).
18,19) Figure 9 shows the dielectric constants at various deposition temperatures in the frequency between 0.5 and 10 GHz. The dielectric constants were also obtained with the circular-patch capacitor and the equivalent-circuit model, and appear to be almost constant in this frequency range. The dielectric constant of the thin film deposited at room temperature was 10:29 AE 0:02, and increased to 243 AE 1 in the thin film deposited at 750 C, as shown in Fig. 10 . This trend has been reported in many publications. 4, 23, 24) (In comparison with the reported values, the relatively low dielectric constants may be caused by the non-stoichiometry of Ti atom in BST thin films. 2) ) The phenomena of enhanced dielectric constants with the enhanced crystallinity can be explained by the removal of obstacles that prevent the vibration of atoms.
The increase of dielectric constants reflects the growth of microscopic polar regions, indirectly. Additionally, since all defects do not induce the remanent polarizations (nonsymmetry-breaking defects), more defects in poor crystalline thin films hardly indicate more remanent polarizations. 19, 25) Therefore, it is proposed that dielectric losses increase with the enhancement of crystallinity, due to the growth of microscopic polar regions.
The magnitude of dielectric constants may be one of the causes of different dielectric-loss behavior with the crystallinity between ZrTiO 4 and (Ba 0:43 Sr 0:57 )TiO 3 . Dielectric constants of well-crystallized ZrTiO 4 thin films are <35.
26)
On the other hand, (Ba 0:43 Sr 0:57 )TiO 3 thin films show the value of several hundreds.
1,2,5) Symmetry-breaking defectsinduced microscopic polar regions can occur only in the lattices of strongly polarizable insulators. 27) 
Conclusions
The level of crystallinity dependence of the dielectric losses and constants was investigated in BST thin films in the GHz-frequency range. The dielectric properties were effectively measured using a circular-patch capacitor and an equivalent-circuit model in the microwave-frequency range. As either the deposition temperature or the degree of crystallinity was increased, the dielectric losses and constants also increased. The higher dielectric losses in good crystalline BST thin films originate from the increase of the microscopic polar regions caused by symmetry-breaking defects, as supported by Raman spectroscopy. The growth of polar regions is indirectly confirmed by the increase of dielectric constants.
